We present an example of design and manufacturing of a bespoke nose implant produced by means of 3D printing and directly assessed on-table by means of 3D surface scanning.
Arhinia (congenital absence of the nose) is a congenital rare disease, which has been reported in less than 60 cases in the literature. It consists of the absence of external nose, nasal cavities and olfactory apparatus and is generally associated with midline defects, microphthalmia, blepharophimosis and hypotelorism. Aesthetic problems as well as associated functional anomalies can potentially impact on the development and interpersonal relationships of the child at a later stage in life.
Arhinia requires extensive management in early life in order to ensure airway patency and protection by means of tracheostomy, and to allow adequate pharyngeal and feeding function to the child. Aesthetic issues are managed with reconstructive surgery or an external prosthesis. There is no previous description in Literature of internal prosthetic devices used to sequentially shape soft tissues in complex reconstruction.
Introduction
Congenital arhinia is a potentially life-threatening congenital condition characterised by total absence of the external nose, nasal cavities and olfactory apparatus, which is often also associated with other facial abnormalities (hypotelorism, microphthalmia, blepharophimosis, facial cleft, encephaloceles and other midline defects). 1, 2, 5 Corrective surgery includes surgical airway reconstruction 6, 7 and nasal reconstruction. The choice of functional 4 versus aesthetic-only 8 reconstruction is based on presence of sinuses and the complexity of the underlying bony hypoplasia. In practise, it is rarely possible to create a functional nasal airway and reconstruction generally focuses on producing a balanced appearance. Traditional reconstruction generally involves the creation of a skeletal framework with soft tissue cover provided by a staged pedicled forehead flap. This form of definitive reconstruction has to be delayed until towards the end of skeletal growth (20 years old for females and after 22 years of age for males).
The use of non -specific serial solid shapes was reported in the reconstruction of the anophthalmic orbit (Krastinova et al. 13 ). We have adopted this principle with the use of contemporary technology to present a case report utilising serial staged expansion of midfacial skin to provide age appropriate nasal reconstruction with the use of bespoke custom-made nasal implants. This approach provides skin for definitive reconstruction in adolescence and offers a satisfactory temporary reconstruction throughout childhood.
Methodology
A female patient, aged 1, presented at Great Ormond Street Hospital in 2014 with congenital arhinia. A Computed Tomography (CT) scan at the age of 2 revealed sufficient midfacial bony development to support a custom made PEEK (Poly Ether Ketone) implant in the nasal region. Implant design was undertaken based on CT data using a combination of physical and in-silico modelling using the following methodology. Insertion of the implant was undertaken under general anaesthesia via a coronal sequentially subgaleal and subperiosteal approach, to maintain the incision away from the implant pocket. The implant was then secured to the bone by a 1.5 mm miniscrew. Stability was assured with one point fixation and an exact soft tissue pocket.
3D surface scans (RODIN4D) of the face of the patient before and after the procedure were acquired on table in theatre. The post-op scan was superimposed on the original 3D scan ( Figure 2 A, top) for visualization of the performance ( Figure 2 B, top) : the change in external features matched with the site of the implants (2C, top).
In order to adequately expand the skin for a definitive nasal reconstruction, the insertion of serial implants of increasing size is required. To date, the patient has undergone implant insertion at the age of 2 and 4 years ( Figure 1 F) .
Results
The patient received two-stage implant augmentation at the age of 2 and 4. In both cases the procedure was successful and the implant was well tolerated. An injury to the skin over the nasal tip after the insertion of the first implant was treated by surgical debridement.
After the second insertion, the patient experienced repeated implant infection associated with orbital infections. This resulted in a discharging wound at the thinned skin at the point of maximum projection of the implant. The decision was therefore taken to remove the implant, gain control of the infection, and rest the tissues before recommencing the expansion series.
We note that patients with arrhinia and blepharophimosis will have an obstruction of the nasolacrimal duct with ectasia of the lachrymal sac. Saline infusion of the lacrimal ducts intra-operatively at implant removal revealed a connection to the implant cavity, and may have been the point of entry of infection, disturbed by the previous second implant insertion. The lachrymal apparatus was therefore ablated at implant removal to reduce further infection risk.
Serial 3D pictures retrieved before the first procedure ( Figure 3 A) , after the first procedure ( Figure 3 B) , before the second procedure ( Figure 3 C) , after the second procedure ( Figure 3 D) and at 2 months follow up ( Figure 3 E) show a clear change in appearance in the patient, who gains a more featured silhouette ( Figure 3 A-E bottom) .
The on-table change in face appearance was quantified: the first procedure pre-operative ( Figure 3 A) and postoperative scans ( Figure 3 B) were registered using iterative closest point algorithm (an algorithm to register two surfaces by iteratively minimizing the distance between the underlying point clouds) and further adjustment was performed by manually perform small rotation and translation of the two models. Following registration, a closest point distance map was retrieved (Cloud, Robin3D, London): the minimum distance between each point the two scans was calculated and visualised, to highlight the areas of change in soft tissue projection. A maximum surface distance of 8.5 mm, corresponding of the tip of the implant, was found ( Figure 3 F) . In a similar way, the second procedure pre-operative ( Figure 3 C) and post-operative ( Figure 3 D) were processed: at this stage, a peak augmentation of 6.8 mm was achieved ( Figure 3 G) . These findings demonstrate a significant increase in projection of the nasal reconstruction.
Discussion
Additive manufacturing has an important role in modern medicine: several studies in the literature have reported successful bespoke implant design, 3 creation of surgical guides, 9 , 10 surgical planning 11 and patient communication and engagement. 12 In the current study, the full potential of 3D printing from patient specific medical imaging was exploited: a series of life sized anatomical models were used for surgical planning, design of patient-specific implants and medical communication to the family. A combined digital and handson approach to the design of the prosthesis allowed precise manufacturing of an anatomically fitting nose implant and provides a mechanism for the surgeon to manipulate directly the implant shape.
The combination of medical image processing and 3D scanning allowed the direct reproduction of the shape prescribed by the operating surgeon as well a bespoke anatomical fitting to the anomalous midfacial features of the patient. The production of an accurate model allowed the use of computerised numerical control machining for the manufacturing of the implant in a stable medical grade plastic.
Conventional nasal reconstructive techniques generally need to be delayed until early adulthood when facial growth is almost complete. Whilst this ensures an appropriate size of reconstruction, the lack of a nose throughout childhood and adolescence may cause significant psychological challenges. Such technique allows a simple effective nasal reconstruction to be performed in infancy and childhood whilst gradually expanding skin for a definitive reconstruction. It was noticed during the second surgery (but it was also visible from the second set of CT scans) that the presence of the first implant caused the mid-face bone to grow around it. Although this posed some challenges to the implant removal, it caused no problems to the creation and implantation of the second implant, which was designed according to the shape of the underlying newly formed bone. 
Conclusion
This report presents a possible protocol for the treatment of patients affected by congenital arhinia, which combines 3D printing of patient specific anatomy, 3D scanning, and computer numeric control (CNC) machining for the production of serial bespoke nasal implants. The technique relies on accurate 3D technology to ensure interface matching between implant and cranial anatomy, whilst implant design uses physical moulding and carving techniques to provide bespoke implants in a modern application for the traditional plastic surgery technique of tissue expansion.
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